Immobilized granular sludge is of key importance for highly effective operation of partial nitrification and anaerobic ammonium oxidation (PN-Anammox) reactors. An observation and analysis on the composition of immobilized granular sludge in each reactor was conducted by using scanning electron microscopy (SEM) and fluorescence in situ hybridization. It was indicated that the diversity of microbial composition was significant among the PN and Anammox reactor. The result shows that the understanding of microbiological characteristics of immobilized granular sludge in PN and Anammox reactors is helpful for cultivating granular sludge, which ensures the effective operation of the reactor.
INTRODUCTION
Anaerobic ammonium oxidation (Anammox) is a biological process in which ammonium is converted to dinitrogen under anoxic conditions with nitrite as the electron acceptor (Equation (1)) (Mulder et al. ) . The Anammox process has been recognized as a promising cost-effective and low energy alternative to the conventional nitrification-denitrification processes, due to a significant reduction of aeration and alkalinity for nitrification and organic carbon for denitrification (Van Dongen et al. Generally, ammonium is a main nitrogen compound in most wastewater. In nitrogen removal via the Anammox process, ammonium in wastewater must be partly pre-oxidized to nitrite (i.e. partial nitrification (PN)), but not to nitrate, before feeding into the Anammox process. The produced nitrite together with the remaining ammonium is then converted to denitrogen gas (N 2 ) in the Anammox process.
NH þ 4 þ 1:32NO À 2 þ 0:066HCO À 3 þ 0:13H þ ! 1:0N 2 þ 0:26NO À 3 þ 0:066NH 2 O 0:5 N 0:15 þ 2:03H 2 O (1)
This sequential PN and Anammox process can be performed in two different reactors or in a single reactor.
Although the PN-Anammox process is a completely autotrophic process, it has been successfully applied to treatments of sewage The drawback of this process is the low growth rate of the bacteria involved (Isaka et al. ) . Therefore, the Anammox reactors are often operated at long solids retention times in order to accumulate the necessary biomass in the system 
MATERIAL AND METHODS

Inoculated sludge
The sequential PN and Anammox process was performed in two different reactors. The sludge from an aquafarm was used to cultivate inoculated sludge. The ZSM-5 zeolite was used as a carrier in this project. The cultivated nitrification and Anammox bacteria were fixed to the carrier in the reactor, respectively. The reactor was inoculated with immobilized granular sludge. The sludge concentration in the reactor after inoculation was approximately 3.3 g/L.
Characteristics of raw wastewater
The feed used in this study was aquaculture wastewater, col- 
Configuration of reactor
An aeration tank was used as the PN reactor. The sludge from an aquafarm was pre-cultured with a synthetic nutrient medium (components: (NH 4 ) 2 SO 4 2 g, NaCl 0.3 g, FeSO 4 ·7H 2 O 0.03 g, K 2 HPO 4 1 g, MgSO 4 ·7H 2 O 0.03 g, NaHCO 3 1.6 g, H 2 O 1 L, pH 7.2, T 37 W C) for 20 days.
The nitrification bacteria were fixed to the ZSM-5 zeolite then inoculated into the PN reactor. The reactor had an inner diameter of 30 cm and a height of 66.5 cm. It was constructed from perspex, with a valid volume of 28.5 L. The temperature was maintained at 26 ± 1 W C. The dissolved oxygen (DO) was approximately 0.5-0.8 mg/L. The pH was controlled between 7.0 and 8.5.
An anaerobic tank was used as the Anammox reactor 
--N was below 2.5 mg/L, which indicates that good PN was established in the PN reactor. PN was maintained stably and nitrite accumulation was achieved.
The performance of the Anammox reactor is shown in (Figure 6(a) ). Hybridized AOB with the Cy3-labeled probe, including Nsm156, specific for Nitrosomonas spp., produced strong red signals (Figure 6(a) ). The yellow signal of bacteria hybridized with two FITC labeled probes, including NSO190, specific for b-proteobacterial AOB, and Nsv443, specific for Nitrosospira spp., was quite weak (Figure 6(a) ). It clearly indicated that AOB became the dominant nitrifying bacteria.
Based on the image of samples from day 320, hybridized
Anammox bacteria with Cy3-labeled probe, including
Amx368, produced strong red signals ( Figure 6(b) ). It clearly indicated that Anammox bacteria were the dominant This corresponds to the SEM images of each.
Effect of FA and free nitrous acid on process of the
PN-anammox reactor
As discussed above, by adjusting the pH, temperature, and the remaining concentration of ammonium, FA and FNA concentrations were calculated according to Equations (2) and (3) 
According to the literature, FA and free nitrous acid Equation (1) it can be seen that H þ is consumed, and the pH will increase. According to Equation (3), the FNA concentration in this study will further decrease with the increase in pH, which is good for the Anammox process.
So the inhibition by FA and FNA which suppresses the growth of Anammox bacteria does not occur. The stable performance of the Anammox process was maintained with a high nitrogen conversion rate.
CONCLUSIONS
1. Good removal of TN and COD was achieved, probably due to the formation of granular sludge, which could sustain high microbial activity and maintain the good performance of the PN-Anammox processes. The reactor had good potential to treat aquaculture wastewater.
2. In the PN reactor, the AOB were predominant in the interior of the granular sludge, which formed as relatively dispersed cells. Short rod-shaped Nitrosomonas predominantly existed in the PN reactor. Anammox granular sludge showed a high degree of compactness, each cell was tightly integrated with others. The Anammox cells were round or oval shaped, cell size was from 0.8 to 1.1 μm in diameter.
3. The FISH result indicated that AOB became the dominant nitrifying bacteria in the PN reactor. Nsm156, which is specific for Nitrosomonas spp., was predominant, while NSO190, which was specific for bproteobacterial AOB and Nsv443, which was specific for Nitrosospira spp., were quite weak. In Figure 6 
